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Control System for Dual-Mode Operation of Grid-Tied Photovoltaic and 
Wind Energy Conversion Systems with Active and Reactive Power Injection  
By Labib 
Abstract 
The purpose of the work is to design and implement a dual mode control operation of grid-
connected renewable (photovoltaic or wind) energy conversion systems with a low-voltage 
ride through capability. Control systems for normal and grid fault condition are presented 
for the generator and grid sides. In normal grid condition, the dc-dc converter is controlled 
in order to achieve maximum power extraction, and the inverter is controlled to maintain a 
constant dc-link voltage and power transfer at a unity power factor. In grid fault condition, 
the dc-link voltage regulation is achieved by the dc-dc converter and the required active 
and reactive powers injection are achieved by the inverter to meet the grid code 
requirements. The proposed control system is experimentally validated for the normal and 
faulty grid condition with three-phase grid-connected photovoltaic and wind energy 
conversion system using the OPAL-RT and Festo rapid control prototyping system. 
Experimental results demonstrate the effectiveness and robustness of the proposed system 
under different working conditions. 
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Nomenclature 
Solar Photovoltaic (PV) Energy Conversion 
pi                                     PV array current 
 0i                                    Output current of the boost converter 
0v                                     PV array voltage 
BL                                   Line inductance of the dc-dc boost converter  
C                                    Capacitance 
dcv                                   Voltage output of the boost converter 
SR                                   Series resistance of the solar cell 
shR                                  Shunt resistance of the solar cell 
sati                                   Diode saturation current 
q                                     Electron charge 
sn                                    Number of cells in series 





maxP                                Maximum power of the PV array 
pvi                                   Photocurrent of the PV cell 
RSI                                  Diode reverse saturation current 
SI                                    Diode saturation current 
K                                    Boltzmann’s Constant 
N                                    Diode Ideality Factor 
T                                     Temperature 
maxV                                  Maximum Voltage 
Permanent Magnet Synchronous Generator 
dL                                    d-axis inductance 
qL                                    q-axis inductance 
R                                    Resistance of the stator windings 
sdi                                    Stator d-axis current 
sqi                                    Stator q-axis current 
sdv                                   Stator d-axis voltage 
sqv                                   Stator q-axis voltage 





v                                    Rotor Flux  
p                                    Number of pole pairs 
gT                                    Electromagnetic torque 
Wind Energy Conversion 
pi                                     PMSG output current after uncontrolled rectifier 
pv                                    PMSG output voltage after uncontrolled rectifier 
 0i                                    Output of the boost converter 
BL                                    Line inductance of the dc-dc boost converter  
C                                     Capacitance 
dcv                                    Voltage output of the boost converter 
mP                                    Mechanical power produced by wind turbine 
                                     Air density 
wv                                    Wind speed 
pC                                    Power coefficient 
                                     Tip speed ratio 
r                                    Rotational speed of the rotor blade 





rT                                    Torque produced by wind turbine 
Grid Fault Monitoring System 
dipV                                   Voltage dip 
cba eee ,,                            Grid voltage 
*
rI                                       Reactive current reference 
maxI                                    RMS value of the maximum current limit of the inverter 
S                                       Maximum apparent power of the three-phase inverter 
*P                                      Real power reference 
*Q                                      Reactive power reference 
                                        Angle 
 
 
Grid Side Controller 
cba iii ,,                              Grid current 
                                      Angular Frequency 
de                                     d-axis voltage 





di                                      d-axis current 
qi                                      q-axis current 

de                                     Positive sequence d-axis voltage 

qe                                     Positive sequence q-axis voltage 

de                                     Negative sequence d-axis voltage 

qe                                     Negative sequence q-axis voltage 

di                                      Positive sequence d-axis current 

qi                                      Positive sequence q-axis current 

di                                      Negative sequence d-axis current 

qi                                      Negative sequence q-axis current 
0P                                      Average value of instantaneous active power 
0Q                                     Average value of instantaneous reactive power 
SC PP ,                                 Oscillating components of real power 
SC QQ ,                                Oscillating components of reactive power 
List of Abbreviations 





ANN                            Artificial Neural Network 
CSC                             Current Source Converter 
DC                               Direct Current 
DER                             Distributed Energy Resource 
DG                               Distributed Generators 
DFIG                           Doubly Fed Induction Generator 
EMF                             Electromotive Force 
FLC                              Fuzzy Logic Controller 
GW                              Gigawatts 
GSC                             Grid Side Controller  
HIL                              Hardware-in-Loop 
IGBT                           Insulated Gate Bipolar Transistor 
LVRT                          Low Voltage Ride Through  
MPP                             Maximum Power Point 
MPPT                           Maximum Power Point Tracking 
MSC                             Machine Side Controller  
PI                                  Proportional-Integral 
PLL                              Phase Locked Loop 





PMSG                          Permanent Magnet Synchronous Generator 
PS                                 Pure Simulation 
PV                                Photovoltaic 
PVECS                         Photovoltaic Energy Conversion System 
PWM                            Pulse Width Modulation 
RCP                              Rapid Control Prototyping 
RMS                             Root Mean Square 
RT                                Real Time 
SCIG                            Squirrel Cage Induction Generator 
SPWM                         Sinusoidal Pulse Width Modulation 
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Chapter 1: Introduction 
 
1.1. Background and Motivation 
Climate change challenge, scarcity of energy resources, access to electricity, and an ever-
increasing demand for electric power require widespread use of renewable energy 
technologies. Fossil fuel based power plants produce tons of greenhouse gasses, which are 
directly responsible for global warming. Statistics show that about 67.4% of total 
electricity comes from burning fossil fuels that contribute 40% of total greenhouse gas 
emission [1] [2]. According to World Bank, around 1.1 billion people still do not have 
access to electricity due to unavailability of the grid in these areas and other constraints 
[3]. Besides, International Energy Agency predicts that world electricity consumption will 
increase by about 36% from 2013 to 2030 [4]. In recent United Nation Framework on 
Climate Change Conference COP21, a collective goal is set to keep the global warming 
below 2°C compared to pre-industrial times and pursuing efforts to limit the temperature 
rise to 1.5°C [5]. Thus, promoting renewable energy technologies and development of 
efficient renewable energy conversion system are two crucial steps to overcome global 
warming challenges [4], [5]. Renewable technologies like solar photovoltaic (PV), wind 
energy, geothermal, and tidal energy are considered as clean sources of energy. They 





substituting fossil fuel based power plant. Solar and wind energy are the two most popular 
renewable energy resources due to wide availability, easy installation, and long lifetime. 
A Solar Photovoltaic Energy Conversion System (PVECS) system is a safe, reliable, 
and low-maintenance source of electricity that produces no on-site pollution or emissions. 
It can generate the power from microwatts to megawatts. Since the scaling of input power 
source is easy, solar PV system is an excellent choice in remote areas for low and medium 
level power generation [6]. Basically, the solar cell is a p-n semiconductor junction that 
directly converts solar irradiation into direct current (DC) using the photovoltaic effect [7]. 
Several solar cells are connected in series-parallel and then encapsulated in an especial 
frame to construct the PV panel [8]. 
A Wind Energy Conversion System (WECS) converts the motion of the wind flow into 
electricity [9]. A wind turbine allows transforming the motion of the wind flow into a 
rotational motion. It is directly coupled to an electric generator that generates electric 
power. The power generated from the WECS is directly proportional to the wind speed. 
There are three types of generators are used widely in wind energy application: squirrel-
cage induction generator (SCIG), doubly fed induction generator (DFIG), and Permanent 
Magnet Synchronous Generator (PMSG) [9]–[12]. The SCIG based wind turbine is a fixed 
speed wind turbine that requires a multi-stage gearbox [13]. The DFIG based wind turbine 
is a variable speed wind turbine system also with a multi-stage gearbox, where the power 
electronic converter feeding approximately 30% power rating of the generator capacity 
from the rotor winding, whereas the stator winding is directly connected to the grid [14]. 





electronic interface [14]. Apart from above-mentioned generators, DC generators are used 
to some extent [15], [16]. However, it is unusual for wind turbine applications [11]. Among 
the mentioned types, the PMSG is more efficient and it does not require a gearbox [18].  
The solar irradiance, temperature, and wind speed are continuously changing. As the 
PV and wind power are the intermittent sources, the intermittency may cause instability in 
an electrical power generation system [19], [20]. A proper control and power electronic 
interface play a crucial role for the PV and wind electric power system. 
1.2. Literature Review 
1.2.1  Photovoltaic Energy Conversion System 
Nowadays the PVECS is becoming a very popular renewable source because of its 
efficiency increasing and price decreasing over time. Moreover, it is easy to install PV 
panel on roofs/properties. The global growth of the PV has been fitting an exponential 
curve for more than two decades. By the end of 2016, the cumulative photovoltaic capacity 
reached at least 227 gigawatts (GW), which is sufficient to supply 1% of global electricity 
demands [13]. According to the International Energy Agency, about 65.7 GW global PV 
deployment is forecasted in 2017 [13]. It is projected to more than double or even triple 
beyond 500 GW between now and 2020 [14]. The PVECS continues its impressive and 
dynamic development in technology, industry, applications, installed capacity, and price 





A PV System consists of one or several PV modules, connected to either an electricity 
network or to a series of loads. It comprises of various electric devices aiming to adapt the 
electricity output of the modules to the standards of the network or the load: inverters, 
converters, or energy storage systems. The PV power system is classified into two types as 
described in [21] 
▪ Stand-alone system 
▪ Grid-connected system 
The stand-alone PV system requires energy storage system to provide power during 
low-light periods [22], whereas, a grid-connected PV system doesn’t require energy 
storage system [23]. A Maximum Power Point Tracker (MPPT) continuously adjusts the 
load impedance to provide the maximum power from the PV array for the both cases. 
Nowadays, more than 99% of PV systems are grid-connected [24]. They are more cost-
effective and require less maintenance and reinvestment than stand-alone systems. 
 







































The grid-connected PV system includes a PV module, an MPPT boost converter, grid side 
inverter, filter, and grid as is shown in Figure 1. An inverter is used to convert electricity 
from DC as produced by the PV array to alternating current (AC) that is then supplied to 
the electricity network. A line filter is used to remove the high-frequency component of 
the supplied power to the grid. 
1.2.1.1 Basic Control of Grid-Connected Photovoltaic Systems 
The control system for the grid-connected PV system can be divided into two major types 
▪ DC-DC boost control 
▪ Grid-side control 
The dc-dc boost converter decouples the PV system from the grid control. 
Additionally, it can boost the PV voltage, provide galvanic isolation, and perform MPPT 
control [24]. In a PV system, MPPT techniques maximize continually the PV array output 
power, which generally depends on solar radiation and cell temperature. Figure 2 depicts 
the I–V characteristic and power versus voltage curve of a single solar cell. It indicates 
that the solar PV can give maximum power only at a single point. For extracting the 
maximum power from the cell, the operating voltage and current should be corresponding 
to the maximum power point (Pmax) i.e. vm and im respectively under a given temperature 
and insolation [6], [26]. 
The PV MPPT techniques can be classified as indirect control, direct control, and soft 
computing techniques based on their control strategy [27]. The indirect control methods 






Figure 2 Solar cell I–V and P–V characteristic 
may include the parameters and characteristic of the solar PV panel. Maximum power 
points are predicted offline using various algorithms, empirical data, or mathematical 
equations. These methods are not suitable for fast changing environmental condition and 
partial shading condition [27]. Constant voltage, constant current, look up the table, curve 
fitting, and pilot cell methods are the examples of indirect MPPT techniques.  
The direct control methods find the maximum power points at different atmospheric 
conditions from the real-time data. Generally, they have a sampling based control or 
modulation based control strategy. Hill climbing, perturb & observe, and incremental 





popular and widely deployed in several commercial grids- tied and stand-alone 
applications. 
Fuzzy logic controller (FLC) and artificial neural network (ANN) are soft computing 
based MPPT techniques [27], [29]. The ANN is highly complicated because the 
multilayered network that requires training to correctly respond to different irradiance, 
temperature, and other PV inputs [30]. If the training is sufficient and correctly done, the 
accuracy of the MPPT can be very high [31]. On the other hand, a standalone FLC 
algorithm is considerably simpler but its tracking performance is inferior to a well-trained 
ANN [27]. Accordingly, there is a trade-off between the performance, cost, and simplicity 
of the design of MPPT. 
The grid-side controller is a crucial part of the grid-connected PV system. The grid-side 
controller can have the following tasks [32], [33]: 
▪ control of the active power delivered to the grid 
▪ control of the reactive power exchange with the grid 
▪ high efficiency and high quality of the injected power 
▪ grid synchronization, and anti-islanding protection 
The control strategy applied to the three-phase PV inverters involves two cascaded 
loops; outer loop and inner loop [34]. The outer loop is responsible for the voltage control 
and the inner loop is responsible for the current control [35]. The implementation of the 
control strategy for the three-phase PV inverter can be done in three reference frames- 





The Park transformation to a three-phase variable (grid voltage and current) leads to 
the possibility of dq-control for a three-phase system [34]. Most of the control use an abc 
to dq transformation to transform the grid voltage and current waveforms into a reference 
frame that rotates synchronously with the grid voltage. Consequently, the control variables 
become DC quantities. Since every deviation of the grid voltage and/or the grid current 
will be reflected in the corresponding d-axis and q-axis components, it leads to an easy 
solution to filter and control by means of Proportional-Integral (PI) based controllers. A 
phase locked loop (PLL) is used to lock on the grid frequency and provide a stable 
reference synchronization signal for the inverter control system, which works to minimize 
the error between the injected current and the reference current obtained from the DC link 
controller. 
Another implementation of the control loops can be done in a stationary reference 
frame, also known as αβ control [34]. In this control structure, the control variables (e.g. 
grid voltage and current) are transformed from abc to αβ. The resultant components in the 
αβ reference frame are sinusoidal. Since the PI controller is not good at removing the 
steady-state error when the signal is time varying, employment of other controllers i.e. 
Proportional Resonance (PR) controller is necessary [38]. 
In the natural reference control strategy (abc-control), an individual controller is 
applied to each grid current [34]. However, the configurations of the three-phase system 
structure, e.g. delta or star configuration make a challenge for the design of the three 
individual current controllers. The DC-link voltage is controlled to generate the active 





current references using the inverse Park transformation and the phase angle of the grid 
voltages. Each of the current references is compared with the corresponding measured 
grid current, and the error goes into the current controller, forming the reference pulse 
width modulation (PWM) signal for the three-phase PV inverter. The existing controllers, 
such as PI controller, PR controller, hysteresis controller, deadbeat controller and the 
repetitive controller can be adopted as the three current controllers in the natural reference 
frame control structure [32], [36]. Selection of those above-mentioned control strategy is 
dependent on the control complexity and dynamic performance of the system. 
1.2.2  Wind Energy Conversion System 
 
Figure 3 Grid-connected WECS  
Wind power is a mature technology with proven reliability and cost effectiveness that 
makes it a very attractive option for utilities, independent power producers, and 
companies. The WECS leads all renewable technologies among the all renewable 
technologies; more than 50 GW wind power capacity was installed in 2016 and about 330 
GW total capacity will be added by 2021 [39]. The WECS has been proven a success story 













































The typical grid-connected wind system includes a wind turbine, generator, machine side 
converter, grid side inverter, filter, and grid that is shown in Figure 3. The wind energy 
system is connected to the grid through converters. The rated output power of the wind 
turbine can be achieved at rated wind speed. The wind generator generates power by the 
rotation of the wind turbine [40]. Operating region of WECS is classified into four regions 
as shown in Figure 4. The WECS produces power in region 2 and in region 3 [41]. 
 
Figure 4 Operating regions of WECS 
1.2.2.1 Basic Control of Grid-Connected Wind Power Systems 
The PMSG based WECSs are preferred full-scale converters since the power converters 
fully decouple the wind turbine from the grid disturbances [42]. The full-scale power 
converter offers high reliability and good power quality also it may avoid the bulky grid-
side transformer [43]. 





▪ Machine-side control 
▪ Grid-side control 
Several types of power electronic interfaces are presented in the literature for direct-
driven variable-speed PMSG based WECSs [45]–[52]. A typical configuration of PMSG 
based WECS with ac–dc–ac converter must consist a machine (generator)- side converter 
(MSC) and a grid-side converter (GSC) interconnected through a common dc-link 
element, which can either be an inductor in case of current source converter (CSC) or a 
capacitor in case of voltage-source converter (VSC) based configurations [53]. 
Among different high power and medium voltage power converter topologies the CSC 
based ac–dc–ac converter configuration appears to be a promising solution owing to 
simple topology, low device number, high power capability, reliable short circuit current 
protection, and inherent four quadrant operation ability [49]–[51]. On the other hand, the 
diode rectifier based unidirectional converters with a boost converter and the back-to-back 
IGBT based two-level VSCs are the most popular topologies among others. The back-to-
back VSCs used in the PMSG-based WECS minimizes the electromagnetic torque ripples 
in the generator and improves the power controllability, enhances the power quality by 
reducing the current harmonics. However, diode rectifier based unidirectional converters 
with a boost converter is a simple and low-cost solution and widely used in the industry 






1.2.3  Low Voltage Ride Through Capability 
The continuously increasing capacity of the distributed energy resources (DERs) now 
contributes a significant amount of power to the grid. The LVRT capability has become a 
crucial issue as more DERs are installed in the grid [54]. Conventionally, the distributed 
generators (DGs) are disconnected from the grid during grid faults and reconnected to the 
grid after clearing the faults [55]–[57]. However, disconnection causes huge power loss 
and voltage instability [58]. Thus, many countries have revised the grid code; DGs might 
be connected to the grid and support the grid during grid fault that is known as LVRT 
[35], [59], [60]. Grid regulations demand to supply reactive power by injecting reactive 
current during fault conditions to support grid stability [61]. 
The grid faults can be classified into two categories; symmetrical/balanced fault and 
asymmetrical/unbalanced fault [32]. The symmetrical fault is the same voltage drop on all 
phases whereas the asymmetrical fault is an unequal voltage drop with phase shifting 
between faulty phases. The unsymmetrical grid voltage dips give rise to unbalanced grid 
voltage as the negative-sequence components appear in the grid voltage. The presence of 
negative-sequence components causes a negative-sequence current and ripple in the power 
injected to the grid. This causes grid current peaks and dc bus voltage fluctuations, which 
may cause uncontrolled oscillations in the active and reactive power delivered to the 
network [34]. However, the injection of a proper set of unbalanced currents under voltage 





Several control techniques with different fault monitoring techniques and grid 
synchronization have been studied in the literature in order to assure a proper exchange of 
active and reactive power and to keep the grid voltage and frequency under control. The 
LVRT operation of the grid-connected wind turbines and PV system with the vector 
current controller was presented in [63], [64]. However, these works did not consider 
unsymmetrical faults and power oscillations to control the current under unbalanced 
voltage conditions. The controlling of the double-frequency power oscillations in the dc-
link voltage converter under unbalanced grid voltages is a crucial part to mitigate the dc-
link ripple and power oscillation. However, it worsens the performance of the distributed 
generators and the converters without proper control. 
The instantaneous active-reactive power control and the instantaneously controlled 
positive sequence method using the positive and negative sequence current control are 
described in [34], [65]. However, these two techniques can create harmonics under 
unbalanced grid voltages. In order to eliminate the low-order harmonics in grid currents, 
the root mean square (RMS) of grid voltages are used in the average active reactive power 
control [66]. The average active-reactive power control method reduces the grid current 
amplitude, but it could result in oscillations in the grid power. A positive and negative 
sequence power control that can provide power and sinusoidal grid currents without the 
oscillation using a proper set of positive and negative sequence grid current references 
[67]. However, supplying the real and reactive power without limiting current may 





The active and reactive power limiters were introduced in [69] to eliminate over 
current in the grid inverters. In this structure, a crowbar was used to dissipate the surplus 
generated power. However, high-performance control schemes to operate the converters 
efficiently under grid fault conditions can remove the additional use of a crowbar. In 
addition, a reactive current injection method without exceeding the current limit of the 
inverter was proposed in [70]. However, the power balance between the power generated 
by the distributed generators and the power delivered into the grid under grid faults are 
not considered in the above references. The active and reactive power control of three-
phase grid-connected PV system during grid faults using PI and fuzzy neural network 
control is demonstrated in [71]. They showed power balance and supplying reactive power 
for the PV without exceeding the maximum current rating of the inverter. However, they 
did not consider positive and negative sequence control that is essential for the 
unsymmetrical fault. 
1.3. Objective and Contribution of the Research 
 The main purpose of this research is to design a control system for the grid connected PV 
and wind power system with LVRT capability and verify the design with laboratory scale 
PV and PMSG system through rapid control prototyping. The objective and scope of the 
work are as follows, 






The mathematical modeling of the MPPT of the PV module and machine side controller 
of the PMSG as well as grid side controller for the PV and PMSG system is designed in 
the Simulink software. Then the designed control system is applied in the experimental 
system. 
2. Implementation of grid fault monitoring system with grid support 
The proposed research work includes a grid fault monitoring system that detects the grid 
fault and generated suitable real and reactive power reference as per grid code with 
protecting grid side inverter. 
3. Development of the control interface of the grid connected PV and wind Power 
system under grid fault 
The grid control system facilitates grid support during a grid fault. The grid connected 
PV and PMSG system supply real and reactive power to the grid during a grid fault. Also, 
the dc-link control system keeps the dc-link voltage constant. 
Thesis Contribution: This research work reports on the design and practical 
implementation of the grid connected PV and wind power system. The main contribution 
of the work is the design and implementation of a control system with the grid fault 
monitoring system. The proposed system has two modes- normal mode with MPPT and 
faulty mode with grid support. A dual current controller is designed for controlling 
positive and negative sequence components under grid fault in order to deal with the 
asymmetrical faults. It permits the injection of the reactive current to the grid according 





faults. The controller for the faulty condition is designed in such a way that the inverter 
current never exceeds the current rating of the inverter to protect it during a grid fault. In 
addition, the real and reactive power references in faulty mode are based on the grid 
voltage sag conditions and maximum current rating of the inverter. Moreover, the 
proposed structure has good performances in different types of asymmetrical faults. 
Besides, the active power oscillation and dc-link voltage ripple can be suppressed by using 
proposed control system. 
1.4. Outline 
This thesis report consists of six chapters. Chapter wise descriptions are given below: 
Chapter One 
In the first chapter, the background and motivation, literature review, objectives, and 
contribution of the thesis are discussed in detail. 
Chapter Two 
The second chapter is studied about the grid code requirements of the grid connected PV 
and wind power system, details of the grid fault, and the fault monitoring system. 
Chapter Three 
The third chapter focuses on system modeling that includes mathematical modeling of the 
Solar PV module, Wind turbine, Permanent magnet synchronous generator, Boost 







Chapter four describes the dual mode control system for grid-integrated renewables. It 
includes MPPT for PV, machine side controller for PMSG, and grid side controller under 
normal grid condition. It also consists of dc-link voltage controller for the PV and PMSG 
as well as grid side controller under grid fault condition.  
Chapter Five 
The experimentation and result of the research are described in this chapter. Starting with 
a rapid control prototyping system, this chapter discusses the hardware details, real-time 
simulation environment, and RT-Lab modeling. Finally, the experimental result of the 
thesis is presented for the both PV and wind system. 
Chapter Six 
This chapter concludes the thesis with a brief summary of the work and the suggestions 












Chapter 2: Grid Code Requirements 
and Grid Fault Monitoring System 
 
2.1. Introduction 
The grid requirements for integration of renewable energy systems (PV and wind turbine 
system) to the electric power grid are becoming more stringent due to the increasing 
demands of the clean and reliable electricity generation. The grid integrated DGs must 
comply with a series of standard requirements in order to ensure the safety and continuous 
transfer of the electrical energy to the grid. Typically, local regulations are imposed by 
the grid operators and apply in the most countries. However, large efforts are made 
worldwide to impose some standard grid requirements that can be adopted by various 
countries. 
In this chapter, specific requirements for the PV and wind power systems are addressed, 
then the details of the grid fault and fault monitoring system are discussed. Finally, the 





2.2. Grid Requirements for Grid-Connected 
Photovoltaics 
The PV systems are considered a minor part of the overall electricity generation. 
Therefore, the distribution/transmission system operators impose basic grid codes in order 
to assure the quality of the generated power. According to IEEE 1547 (Standard for 
Interconnecting Distributed Resources with Electric Power Systems), the following 
parameters are required for designing the control of PV inverters [72] 
• Voltage harmonic levels (h): h< 11 = 4%,11 ≤ h < 17 = 2%,17 ≤ h < 23 = 1.5%,23 
≤ h < 35 = 0.5%,11 ≤ h < 35=0.3% 
• Maximum voltage Total harmonic distortion (THD): maximum 5% 
• Voltage amplitude variations: maximum ±5%. 
• Frequency variations: 59.3 Hz to 60.5 Hz 
• Direct current injection: maximum 0.5% 
In normal operation, the PV systems should maximize the output power with MPPT 
technique. The PV systems are currently required to disconnect from the distributed grid 






2.3. Grid Requirement for Grid-Connected Wind 
Power 
The most common requirements for the grid-connected wind power system include LVRT 
capability, voltage and frequency control, and active-reactive power control. The 
frequency and voltage control requirements demand the WECS should operate within a 
range around the rated voltage and frequency. The grid regulation for the active and 
reactive power control demand the wind power system should regulate the active and 
reactive power in response to the wind speed variation and grid voltage variation. For the 
small-scale wind power system, the grid code is same as PV system that described in the 
previous section. 
2.3.1. LVRT requirements of the Different Grid Code 
There is specific grid code of the LVRT capability for large PV and wind power 
generation system. Different countries have different LVRT requirements for the large-
scale WECS. For an example, the German code from E. ON [54], LVRT applies to a 
network with voltage levels 380 kV, 220 kV, and 110 kV. Whereas according to Canadian 
Hydro-Quebec grid code [73], LVRT applies to networks with voltages above 44 kV. 
There is no strict LVRT requirement for the low-voltage WECS. As low-voltage DGs are 
growing rapidly, the present active grid codes are expected to be modified in order to 
accept more clean energy into the grid. It is better to provide LVRT capability 





The LVRT requirements demand the WECS must withstand voltage dips down to a 
certain percentage of the nominal voltage for a specified duration during a grid fault. It 
also includes fast active and reactive output power restoration to the pre-fault values after 
the system voltage returns to normal operation. Certain codes impose increased reactive 
current generation by the wind generators during the disturbance to support the system 
voltage. Normally, the reactive power support must be satisfied with the highest priority 
during a fault operation. The active power generation can be reduced in order to fulfill 
this requirement. Figure 5 shows the LVRT requirements of different national grid codes 
[74]. 
 


















Canada (AESO) 625 37.5 15 3 
Canada (Hydro Quebec) 150 9 0 1 
Germany (E. ON) 150 7.5 0 1.5 
UK 140 7 0 1.2 
USA 625 37.5 15 3 
Ireland 525 31.25 15 3 
Nordel 250 12.5 0 0.75 
Denmark (<100 kV) 140 7 25 0.75 
Denmark (>100 kV) 100 5 0 10 
Belgium (Large voltage 
dips) 
200 10 0 0.7 
Belgium (Small voltage 
dips) 
1500 75 70 1.5 
Sweden (<100 MW) 250 12.5 25 0.25 
Sweden (>100 MW) 250 12.5 0 0.8 
New Zealand 200 10 0 1 
Spain 500 25 20 1 
Italy 500 25 20 0.8 
 
Table 1 summarizes the most grid codes concerning LVRT capability for the high-
voltage level system that is shown in Figure 5. The requirements depend on the specific 





requirements of the German, Hydro Quebec, UK, Nordic, Danish, Belgian, Swedish, and 
New Zealand grid codes demand the WECS must remain connected during voltage dips 
down to 0%. The corresponding voltage dip at a lower voltage is above 15% considering 
impedance values for the step-up transformers and interconnecting lines [75]. However, 
specifications may vary according to the voltage level or the wind farm power. For an 
example, the wind farm connected to the Danish grid at voltages below 100 kV are 
required to withstand less severe voltage dips than those are connected at higher voltages. 
Similar differences can be observed in the regulation governing the connection of wind 
farms below and above 100 MW in the Swedish transmission systems. The codes of 
Denmark and Hydro-Quebec define specific types and sequences of faults that the wind 
farm must withstand including remote faults cleared by slow protective devices. 
There is a significant difference in the active power restoration rates specified by the 
German and British/Irish grid codes. The British code requires immediate restoration at 
90% in 0.5 s after voltage recovery because of the instability of the weakly interconnected 
transmission system [76]. Whereas German code requires restoration with a rate at least 
equal to 20% of the nominal output power reaching 100% in 5 s after voltage recovery 
[54]. 
2.3.2. Requirements for Reactive Current Supply During 
Voltage Dips 
Some grid codes recommend the WECS should support the grid by generating reactive 





requires the WECS support grid voltage with additional reactive current (reactive power) 
during a voltage dip which is shown in Figure 6. The grid support must take place within 
one cycle after fault recognition amounting to at least 2% of the rated current for each 
percent of the voltage dip. A reactive power output of at least 100% of the rated current 
must be possible if necessary. The above applies outside a ±10% dead band around 
nominal voltage. In the case of offshore wind farms, the dead band is reduced to ±5%. 
According to the Spanish grid code, the wind power plants are required to stop drawing 
reactive power within five cycles of a drop voltage and to be able to inject reactive power 
within 7.5 cycles of grid recovery. Finally, Great Britain and Ireland specify in their grid 
codes that wind farms must produce their maximum reactive current during a voltage dip 
caused by a network fault. 
 






2.4. Types of Grid Faults 
The grid sags can be categorized into four fault types as follows [77] 
• Single phase to ground fault 
• Two-phase to ground fault 
• Three-phase to ground fault 
• Phase to phase fault 
 





According to Figure 7, the grid faults can be classified into two major categories; 
symmetrical/balanced fault and asymmetrical/unbalanced fault [78]. Symmetrical fault 
represents the same amplitude drop on all three grid voltages but no phase shifting. It 
occurs very seldom in the three-phase systems. The asymmetrical fault occurs when the 
phase voltages have unequal amplitude with phase shifting between the faulty voltages. 
This fault is induced by one or two phases shorted to ground or to each other. When an 
asymmetrical fault occurs, the negative sequence appears in the grid voltages and thus 
increases the control complexity. Since the implementation of these strategies gives rise 
to the injection of unbalanced currents to the grid, specific current control structures 
should deploy to regulate the positive and negative sequence components. 
2.5. Grid Fault Monitoring System 
The grid faults are characterized by a short-time reduction in the magnitudes of the grid 
voltage phases, called voltage dip (or sag), and can be caused by faults in the grid lines 




















     (2.1) 
where Vdip is voltage dip, Ebase is the base value of the voltage (grid rated voltage during 
normal conditions), |ea|rms, |eb|rms and |ec|rms are the RMS values of the three-phase voltages 
ea, eb and ec, respectively. 
 A reactive current is injected to the grid to avoid excess current in the inverter, and it is 
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I r      (2.2) 
where, Ir
* is the reactive current and Vdip is the voltage dip. 
When Ir
* greater than 0.1 p.u., then a voltage dip occurs on the grid side, and the reactive 
power injection is initiated. In order to meet the LVRT requirement and avoid exceeding 
the maximum current limit of the three-phase inverter, the maximum apparent power of 
the three-phase inverter |S| is obtained by 
    maxrmsrmsrms  IeeeS cba        (2.3) 
Where Imax is the RMS value of the maximum current limit.  
The LVRT capability consists on active power curtailment, and reactive power injection 
to support the grid [36], [64]. For this purpose, the active and reactive powers will be 













        (2.4) 
Therefore, the instantaneous output reactive power and active power of the three-phase 







In this chapter, different grid code requirements of different countries for grid-connected 
PVECS and WECS are described briefly. Also, a detailed overview of the grid fault is 
presented with a view to designing a proper controller for the grid support. Finally, a grid 
fault monitoring system is designed as per grid code. It is noted that there are no specific 
LVRT requirements for the low-voltage distributed system. However, low-voltage 
distributed generators are growing rapidly. Thus, it is better to provide LVRT capability 
















Solar photovoltaics converts the solar irradiance into electricity whereas wind generator 
generates electricity by the rotation of the propeller-like blades (wind turbine) using wind 
energy. Both solar and wind energy are plentiful, renewable, widely distributed, and 
produces no greenhouse gas emissions during operation. The net effects on the 
environment are far less problematic than non-renewable power sources. However, 
intermittent nature of the solar irradiance and wind energy is a great challenge as solar 
and wind only produce energy when the sun is shining or the wind is blowing. Moreover, 
both PV and wind generator are nonlinear sources, they require MPPT technique to 
extract maximum power from them. 
On the other hand, the power converter is a vital part of future power system based on 
smart grid technologies. It enables efficient and flexible interconnection of different 
sources (renewable energy generation, energy storage, etc.) to the electric power system. 
Moreover, it plays a crucial role in the transient behavior of the grid. Thus, modeling the 





renewable energy conversion system. This chapter presents a modeling of the PV module, 
PMSG, converter, and inverter. 
3.2. Modeling of the Solar PV module 
A solar cell consists of layers of semiconductor materials that exploit the photoelectric 
effect of converting photon energy of the solar radiation into electricity [79]. It can be 
considered as a nonlinear current source [80]. The model of a PV cell, using the equivalent 
















































 1exp    (3.1) 
where ipv is the module terminal current, iph is the photocurrent, isat is the diode saturation 
current, vpv is the module terminal voltage, q is the electron charge, A is the diode ideality 
factor, K is the Boltzmann constant, T is the surface temperature, np number of cells in 





Figure 8 Equivalent circuit of a solar cell 
A series-parallel combination of PV module is developed to construct the model of the 





















         (3.2) 
where Ns is the number of modules in series (string), Np is the number of strings in parallel, 
V is the module voltage, and I is the module current. 
3.3. Aerodynamic Model of Wind Turbine 




wpm vrCP         (3.3) 
 where Pm is the extracted power from the wind, ρ is the air density (kg/m
3), r is the 
radius of turbine blades (m), vw is the wind speed (m/s), and Cp is the power coefficient as  
the function of the pitch angle of the rotor blades θ (rad) and the tip speed ratio λ.   





           (3.4) 
where ωr is the turbine rotor speed (rpm). From the expression (3.4), any variation in the 
wind speed while keeping the rotor speed constant will change the tip-speed ratio. 
Subsequently, it leads the change in the power coefficient Cp, as well as the generated 
power from the wind turbine [23], [53]. If the rotor speed is adapted relative to the wind 
speed variation, the tip-speed ratio can be preserved at an optimum point λopt, which could 










 ref          (3.5) 
















       (3.6) 
In this study, a 3-blade wind turbine with the power curve is considered as the wind energy 
source and emulated by a four-quadrant dynamometer through the turbine emulator control 
function.  
 
Figure 9 Emulated wind turbine and its power curve 
In practice, instead of using the equation (3.5), the speed reference ωref is generated from 
a look-up table built from the power curve of the wind turbine, shown in Figure 9, to 






3.4. Permanent Magnet Synchronous Generator 
The rotor excitation of the permanent magnet synchronous generator is constant, so the 










































    (3.9) 
where vsd and vsq are the d-q components of the stator voltage; isd and isq are the d-q 
components of the stator current; is the permanent magnet magnetic flux linkage, ωr is 
the rotor angular speed, Rs is the stator resistance; Ls is the stator winding inductance and 
p is the number of pair poles. 
The d-q components of the stator current are obtained for the three-phase stator currents 

























































  (3.10) 
where, θe is the electrical angle of the vector orientation and carried out using the rotational 
angular speed ωr (θe=∫ pωr dt). 










3.5. Boost Converter 
The boost DC converter is used to step up the input voltage by storing energy in an 
inductor for a certain time and then uses this energy to boost the input voltage to a higher 
value. The circuit diagram for a boost converter is shown in Figure 10.  
 
Figure 10 Basic Configuration of Boost Converter 
When switch Q is closed, the input source charges up the inductor while diode D is reverse 
biased to provide isolation between the input and the output of the converter. When the 
switch is opened, the energy stored in the inductor and the power supply is transferred to 



















                                                      (2) 
where d is the duty cycle, ton and toff are the ON and OFF time respectively. 
So, by varying the duty cycle of the buck converter, its output voltage can be varied. 














3.6. Three-phase Inverter 
 
Figure 11 Three phase voltage source inverter  
Voltage source inverter (VSI) is mainly used to convert a constant DC voltage into 3-
phase AC voltages with the variable magnitude and frequency [83]. Figure 11 shows a 
schematic diagram of a 3 phase VSI. The inverter is composed of six switches S1 through 
S6 with each phase output connected to the middle of each “inverter leg”. Two switches 
in each phase are used to construct one leg. The AC output voltage from the inverter is 
obtained by controlling the semiconductor switches ON and OFF to generate the desired 
output. Pulse width modulation (PWM) techniques are widely used to perform this task. 
In the simplest form, three reference signals are compared to a high-frequency carrier 
waveform. The result of that comparison in each leg is used to turn the switches ON or 
OFF. This technique is referred to as sinusoidal pulse width modulation (SPWM). It 














not to cause a short circuit of the DC supply. Insulated Gate Bipolar Transistors (IGBTs) 
and power MOSFET devices can be used to implement the switches [84]. Each device 
varies in its power ratings and switching speed. IGBTs are well suited for applications 
that require medium power and switching frequency [85]. 
3.7. Conclusion 
This chapter provided details modeling of the proposed system. The fundamentals of 
modeling solar PV cell is described at first. Then, the mathematical model of the wind 
turbine and PMSG wind generator are discussed. Finally, the circuit description of the 





Chapter 4: Control System for Grid 
Integrated Renewables  
 
4.1. Introduction 
The intelligent control techniques and power electronics converters in the renewable 
generation systems (PV and wind power systems) have the responsibility to enable the 
power conversion effectively and efficiently. The intelligent control techniques are 
responsible for: 
▪ Maximum power point tracking  
▪ Reliable power supply 
▪ High efficiency, low cost, and effective protection, 
▪ Control of active and reactive power injected into the grid, and 
▪ Dynamic grid support (LVRT) and fault monitoring system. 
A detail description of the dual mode control operation of the proposed system is 
presented in this chapter. The dual-mode control system is illustrated in Figure 12. Under 
normal grid conditions (mode I), the dc-dc converter will be operated to run under the 
MPPT, and the grid-connected inverter will be operated through a cascade control loop to 
control dc-link voltage and q-component of the grid current. In grid faults (mode II), the 





requirements. The dc-dc converter is operated using a voltage controller to maintain a 
constant dc-link voltage.  
 
Figure 12 Grid fault monitoring and dual-mode control system  
In this chapter, the MPPT technique for the PV and machine side converter of the PMSG 
are discussed at first. The MPPT for PV and speed controller for PMSG are responsible for 
extracting maximum power as well as boosted the dc voltage under normal operating 
condition. The machine side controller includes speed controller and current controller. 
Then a detailed design of the grid side converter for the PV and PMGS is presented. The 
control of the three-phase grid-side inverter involves two cascaded loops; voltage control 
and current control. The voltage controller regulates the DC-link voltage in order to 
Start
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maintain the power balance between the grid and grid integrated renewable. The current 
controller takes care of the power quality of the generated power by controlling the injected 
grid current. 
Finally, the control techniques under grid fault condition are described. The power 
reference is generated by the grid fault monitoring system depending on the grid fault 
(described in the previous chapter). The MPPT and machine side controller are replaced 
by the dc-link voltage controller.  
4.2. Control Design Under Balanced Grid Voltages  
4.2.1. Maximum Power Point Tracking of PV 
There are several methods for MPPT and the most common are [86] 
1. Perturb & Observe (P&O)  
2. Constant Voltage  
3. Incremental Conductance  
Among these methods, the incremental conductance method is recommended because it 
offers good yield under rapidly changing atmospheric conditions. The incremental 
conductance method measures the incremental change in the voltage and the current to 
predict the effect of a voltage change. It estimates the relationship between the operating 
point voltage, v0, and the maximum power point voltage, vmax [86]. When light intensity 
and temperature change, the incremental conductance method controls the output voltage 






The power across the PV array is given by 
popv ivP           (4.1) 
The MPPT algorithm follows the power variation 
popopv dividvdP          (4.2) 
 
Figure 13 Photovoltaic side control scheme 
At the maximum power point, the power variation with respect to the voltage is forced, by 









dPpv         (4.3) 
PV generator side control scheme is illustrated in Figure 13. The method can be expressed 


































































 right of MPP thus v0> vmax     (4.4.c) 
The flowchart of this algorithm is shown in Figure 14. 
 
Figure 14 Flow chart of Incremental Conductance Method 
4.2.2. Generator Side Control of the PMSG 











where Te is the generator torque, Tr is the turbine torque, J is the total moment of inertia and 
F is total damping. 
The generator torque is expressed by [90] 
pp)
3
sin(3 iipT eve 

       (4.6) 
where θe is the electrical angle of the vector orientation, carried out from the rotational 
angular speed (θe=∫ pωr dt), p is the pole pair number, and v  is the permanent magnet 
magnetic flux linkage. 


















      (4.7) 
where ip is the converter input current, v0 is the converter input voltage, vdc is the converter 
output voltage (dc-link voltage), Lb is the converter inductance and d is duty signal of the 
switching signal. 







         (4.8) 
where vdc is the dc-link voltage, i0 is the dc-dc converter output current, and idc is the inverter 
input current inverter, and C is the dc-link capacitance. 






p0 )1( idi          (4.9) 



















       (4.10) 
where (d–1) can be considered as the control input in order to regulate the dc-link voltage 
through the dc-dc converter. This voltage dynamics will be used in the control scheme 
development under unbalanced grid voltages. 
The wind generator side control system is developed from the rotational speed dynamics 
of equation (4.5)-(4.6) and the dc-dc converter current dynamics of equation (4.7). It has a 
cascade control loop:  
1. An outer control loop that controls the rotational speed of the turbine-generator, to 
follow a reference speed generated by the MPPT algorithm, by using the rotor speed 
dynamics.  
2. An inner control loop that regulates the current at the dc-dc converter using the 
current dynamics. The control strategies are based on proportional-integral (PI) 






Figure 15 Generator side control scheme  
4.2.1. Grid Side Control 


































     (4.11) 
where ed, eq, are the d-q component of the grid voltages, id, iq are the d-q components of grid 
currents, vd, vq, are the d-q components of the inverter output voltages, ω is the grid 
frequency, R and L are the resistance and the inductance of the filter, respectively. 
The active and reactive power, under balanced grid voltages, can be expressed, through 
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dcdc          (4.13) 
The dc-link dynamics (8) can be reorganized using (4.13) to become 


































  (4.14) 
where id can be considered as the control input in order to regulate the dc-link voltage 
through the inverter. This voltage dynamics will be used in the control scheme development 
under balanced grid voltages. 
The grid side control system, for wind and PV systems, consists of a cascade control loop, 
as shown in Figure 16, where an outer control loop is used to regulate the dc-link voltage, 
using the voltage dynamics (4.14) and an inner control loop to regulate the currents, using 
the dynamics (4.11), in order to ensure the proper power transfer through the inverter. In 
order to achieve the unity power factor, the reference for q component of the grid current 







Figure 16 Grid side control scheme under normal grid operation  
4.3. Control Design Under Unbalanced Grid Voltages 































































































where P0 and Q0 are the average values of the instantaneous active and reactive powers, 
respectively, and Pc, Ps, Qc, and Qs are the oscillating terms, of second-order, in these 
instantaneous powers. 
The power components (P0 Pc, Ps, Q0, Qc, Qs) are expressed with respect to positive and 
negative sequences of the voltages and currents, defined in synchronous reference frames 


























































      (4.17) 
where 

qdqd eeee  , , , are the positive- and negative sequences of the grid (d, q) voltages,

qdqd iiii  , , ,  are the positive and negative sequences of the (d, q) currents components. 
Therefore, only four power components from (4.16) and (4.17) can be considered as the 














































































     (4.18) 
The grid current dynamics, using the positive and negative sequences of voltages and 



















































      (4.19) 
where the positive and negative sequences of each quantity are 
T
ddd iii ][
  , 
T
qqq iii ][
  , 
T
ddd vvv ][
  , 
T
ddd eee ][
  , 
T
qqq eee ][
   
In the control system, the positive and negative-sequences current reference is calculated 





















































































     (4.20) 
where, P0
*, Q0
* are the references for the injected active and reactive powers during the 
voltages unbalance, and the zeros are for canceling the active power oscillations term (Pc, 
Ps). 
In the operation of the renewable (wind, PV) energy conversion systems under abnormal 
grid conditions (voltage dip), the objectives are: 
1. Regulation of the dc-link voltage, to be maintained constant, by the dc-dc converter 





2. Injection of the active and reactive powers, to support the grid and meet LVRT 
requirements, which is conducted through the inverter using the grid side control 
system. 
4.3.1. Generator Side Control 
The dc-link voltage regulation is performed using the voltage dynamics (4.14) and a PI 
controller to provide the duty cycle to the dc-dc converter. The control scheme, for wind 
and PV systems, is shown in Figure 17. 
 
Figure 17 Generator side control scheme under grid fault 
4.3.2. Grid Side Control Under Grid Fault 
The grid side control system consists of controlling the d-q components of the grid currents, 
using the dynamics 4.19, to track references carried out from the injected active and 
reactive powers by 2.8. It has a dual-frame control structure, where one controller is used 
for the positive sequence and the other for the negative sequence, and the command is the 









































Figure 18 Generator side control scheme under grid fault.  
 
4.4. Conclusion 
This chapter gives a details description of the control system design of the grid-connected 
PV and wind power system. The control system has two modes; normal grid condition 
(mode I) and grid fault condition (mode II). In mode I, the dc-dc converter is controlled in 
order to achieve maximum power extraction whereas the inverter is controlled to maintain 
























































































link voltage regulation is achieved by the dc-dc converter and the required active and 















Real-time simulation is defined as a computer model of the physical system that runs at the 
same rate as the actual physical system [91]. It is very useful to test and detect any design 
faults of the system at an early stage, thereby decreasing design costs [92].  
Real-time simulation can be divided broadly into three types [91], [93]. 
1. Rapid control prototyping (RCP) 
2. Hardware-in-Loop (HIL) 
3. Pure Simulation (PS) 
In rapid control prototyping application, a real-time simulator implements a plant controller 
model and connects to a physical system via input and output ports of the simulator. On 
the other hand, HIL is used to test a real controller connected to simulated plant model. In 
PS application, a real-time simulator simulates both the controller model and the plant 





In this chapter, a brief description of the experimental system is demonstrated. It includes 
system configurations and working procedures involve in the proposed system. Finally, the 
experimental result of the proposed system is presented with the real working scenario. 
5.2. System Description of the Real-Time Simulation  
5.2.1. Real Time Simulator  
The real-time digital simulator (OP56000) is a complete simulation system comprising a 
powerful computer, a flexible high-speed front-end processor, and a signal conditioning 
stage. It consists of analog and digital I/O signal modules, a multi-core processor and 
FPGA that runs RT-LAB real-time simulation software platform. It is equipped with the 
processor Intel Xeon Quad Core 2.40 GHz, which makes it a powerful tool for RCP and 
hardware-in-the-loop (HIL) applications [22], [94]. It has a different set of digital and 
analog I/O ports to interface with the external system. The OP5600 gives access through 
RJ45 connectors to a large array of digital and analog IO’s. Signals coming from the RJ45 
connectors can be routed into mini-BNC outputs (up to 16 channels) that can be monitored 
by oscilloscopes. 
5.2.2. RT-LAB Software 
The RT-LAB software represents integrates an Opal-RT real-time simulator (OP5600) 
with the powerful graphical and model-based Matlab/ Simulink software [95]. The process 

















Figure 19 Flow diagram of model execution in the RT-Lab software 
At first, a model is created in Simulink. In order to run the Simulink model in the RT-Lab, 
there are specific RT-Lab blocks. These RT-Lab blocks communicate among Simulink 
model and I/O channels. The specific target and operating mode are selected based upon 
operating mode. The model is then built and compiled in RT-Lab software. A C code is 
generated and loaded to the real-time simulator once the building and compiling are 
successful. Then, a new Simulink output interface is created automatically. After running 
the model, the model is operating in real-time and showing the output in the console panel. 
Finally, the model is stopped after observing the output. 
Start 
Build and compile the model 
Model created in Simulink 
Stop 
Add RT-Lab blocks to communicate among 
Simulink Model and I/O channels 
Select the target and operating mode 
C code is loaded into the real-time 
simulator 
Create Simulink based output interface   






5.2.3.Rapid Control Prototyping in the RT-Lab 
All Simulink model can be implemented in the RT-Lab environment by following specific 
steps. The block diagram of the Simulink model must be modified by regrouping the 












Figure 20 Real-time system for the HIL for grid-connected PV-wind hybrid system 
In RT-Lab, all the subsystems must be named with two prefixes based upon their function. 
The prefixes are console subsystem (SC_) and master subsystem (SM_). There is at least 
one OpComm block in the console subsystem (SC_). It contains all user interface blocks 
OP8660 data 
acquisition interface 
Simulink model executed 





















including scopes, displays, switches that run asynchronously from the other subsystems. 
Each master subsystem in RT-Lab is represented by a core that performs its processes in 
the efficient and fast way. In the RT-Lab model, there must be at least one master 
subsystem in each model. The master subsystem (SM_) contains all the computational 
elements of the model, the mathematical operations, the input and output blocks, and the 
signal generators. After grouping the model, OpComm blocks must be added to enable 
and save communication setup data. All inputs of subsystems must first go to OpComm 
block before being used. The RCP of grid-connected PV/wind system is shown in Figure 
20. After connecting input/output hardware, the Simulink model is compiled in RT-Lab. 
Then, it is loaded in OP5600 real-time simulator for the master subsystem. Finally, all the 
subsystems are executed by OP5600 simulator. 
5.3. Experimental Set-up 
Two separate grid-connected renewable energy conversion systems are proposed in the 
research work: PV and wind power system. The experimental grid-connected PV power 
system is shown in Figure 21.  It consists of the PV array, dc-dc converter, inverter, 
resistive-inductive filter, and a three-phase power supply to emulate the grid. The 
properties of these elements are provided in the Appendix. The irradiance is manipulated 
through five industrial lamps, where full irradiance means that the five lamps are ON. 
On the other hand, the experimental grid-connected wind power system consists of a four 
four-quadrant dynamometer to emulate the wind turbine, a PMSG coupled with a 





line inductor filter. The system parameters are listed in the appendix A. The experimental 






Figure 21 Experimental three-phase grid connected PV system 
The speed of the wind turbine is changed by the LVDAC software integrated with the 
dynamometer. The software interface of the wind turbine is shown in Figure 23. The 
speed, gear ratio, pulley ratio can be changed easily from the software. It has a package 
of control functions that can be activated in the four-quadrant dynamometer enabling the 
module to emulate the operation of a real wind turbine.  For the both experimental set-up, 
the voltages and the currents were measured by the data acquisition interface (OP8660). 
The proposed control system was built in Simulink and run in the OPAL-RT real-time 





















Figure 22 Experimental set-up for the three-phase grid-connected wind power system 
 
Figure 23 The LVDAC software interface of the wind turbine emulator 
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5.4. Experimental Result 
Four cases have been considered demonstrating the operation and performance of the 
proposed system. The grid fault was manually accomplished through changing 
simultaneously the three-phase voltage of the power supply. From the voltage dip 
calculation, it can be noticed that the control system will behave similarly in balanced and 
unbalanced voltage dips as only the minimum value of the phase voltage will be used in 
the voltage dip computation.  The control gains were chosen by trial and error technique 
and kept constant in all experimental cases for each system. The control gain of the PV 
and wind power system are listed in the Appendix. 
5.4.1. Photovoltaic Energy Conversion System 
Case 1: Dual-mode operation under constant dc-link voltage reference and constant 
irradiance 
In this experiment, the PV system is tested under full irradiance and constant dc-link 
voltage reference. The zoomed grid voltage is shown in the top of Figure 24. A voltage dip 
occurs after t=20s and ends after t=30s as shown in Figure 24.a from the grid voltage and 
in Figure 24.b for the voltage dip detected by the grid fault monitoring system. It can be 
observed that the dc-link voltage is successfully regulated to follow the constant reference 
with a smooth transition between the modes, as shown in Figure 24.c, where a small voltage 
peak occurs at the transition from Mode II to Mode I, as the voltage controller of Mode I 
have a direct effect on the grid inverter, but rapidly eliminated by this controller to follow 





   
 
Figure 24 Operation under constant dc-link voltage and constant irradiance. (a) grid 





Mode I and II because the voltage controller in Mode II provides the pulses to the PV side 
dc-dc voltage, which is indirectly connected to the grid through the inverter. At the start, 
the harsh transient regime, in the dc-link voltage, is due to the state of the dc-link capacity. 
The power response is shown in Figure 24.d, where the active and reactive power follows 
constant and null references respectively. 
 
Figure 25 Operation under variable dc-link voltage and constant irradiance. (a) grid 





Case 2: Dual-mode operation under variable dc-link voltage reference and constant 
irradiance 
Now, the proposed control strategy is tested for operation under a variable dc-link voltage 
reference while maintaining the irradiance constant.  Grid voltages, shown in Figure 25.a, 
are applied to simulate modes I and II, and in each mode, the voltage reference is changed 
to evaluate the tracking performance. From Figure 25.b, it can be observed that the voltage 
tracking occurs with a fast response to the changes of the reference. Also, the control 
switching between mode I and mode II occurs without influence on the dc-link voltage 
response, which demonstrates the high performance of the proposed control system.  
Case 3: Dual-mode operation under constant dc-link voltage reference and variable 
irradiance 
In this case, the robustness of the proposed control system is tested under changing 
irradiance condition. This variation is done through turning ON limited number of lamps 
at different time instants (three lamps ON until t=15s; from t=15s to t=35s, five lamps 
ON; from t=35s to t=42s, three lamps ON; from t=42s to t=50s, three lamps ON; and from 
t=50s to t=60s, five lamps ON), and can be seen in the PV voltage response of Figure 
26.a.  The voltage dip is illustrated in Figure 26.b. From Figure 26.c, it can be observed 
that the dc-link voltage is successfully regulated despite the changes in the irradiance and 
the power responses are successfully following the conditions of modes I and II as shown 







Figure 26 Operation under constant dc-link voltage and variable irradiance. (a) PV 
voltage, (b) voltage dip, (c) dc-link voltage regulation, (d) active and reactive power 
Case 4: Dual-mode operation under parametric uncertainties 
In order to deal with another issue of robustness, the control system was tested under 
parametric uncertainties by changing the values of the parameters in the control laws 
(50% increase in the inductance L and 50% decrease in the resistance R). The grid fault 
is characterized by the voltage dip shown in Figure 27.a and 27.b. The dc-link voltage 
regulation, under nominal value and perturbed value of (R, L) is shown in Figure 27.c, 





any influence from the parameters. Furthermore, the power responses concur with the 
references to normal and fault conditions, as shown in Figure 27.d., despite the parametric 




Figure 27 Operation under parametric uncertainties. (a) grid voltage, (b) voltage dip, (c) 





5.4.2.Wind Energy Conversion System 
Case 1: Operation under constant wind speed and constant dc-link voltage 
In this experiment, the proposed control scheme is tested under grid voltages, shown in 
Figure 28 and 29.a, where the fault occurs at t=20s.  
 
Figure 28 Grid voltage (a) normal, (b) grid fault 
The rotational speed, shown in Figure 29.b, is constant and the dc -link voltage, shown in 
Figure 29.c; is successfully regulated to track the constant voltage reference. It can be 
observed that the dc -link voltage remains constant despite the transitions, occurring at 
t=20s and t=30s, due to the balanced and unbalanced grid voltages and the difference dc -
link voltage control systems. Furthermore, the active and reactive power responses, shown 
in Figure 29.d, concur with the power requirement. In the case of balanced grid voltages, 
the active power follows the rotational speed profile, to extract the maximum power from 
wind, and the reactive power is regulated to be zero to ensure unity power factor. In the 






Figure 29 Operation under constant dc-link voltage and constant irradiance. 
(a) grid voltage, (b) wind speed, (c) dc-link voltage, (d) power 
and the reactive power is injected according to the condition (2.4). These results 
demonstrate the effectiveness of the proposed control system to operate the WECS in both 
regions of grid voltages. 
Case 2: Operation under constant wind speed and variable dc -link voltage 
In order to verify the voltage tracking performance in normal and grid fault conditions, 
shown in Figure 30.a, the voltage profile was changed, as shown in Figure 30.c, where it 





illustrated in Figure 30.d, where it can be observed that the active power is affected by the 
dc-link link voltage change in normal operation while the injected reactive power relies on 
the maximum current tolerated by the inverter in case of grid fault.  
 
Figure 30 Operation under variable dc-link voltage and constant speed.  
(a) voltage dip, (b) wind speed, (c) dc-link voltage, (d) power. 
 
Case 3: Operation under variable wind speed 
Figure 31 verifies the voltage tracking performance of proposed system in normal and grid 
fault conditions. In this case, the wind speed is changed in normal and faulty conditions as 





conditions. The power responses are illustrated in Figure 31.d, where it can be observed 
that the active power is affected by the speed variation where reactive power remains 
constant in normal condition. In the faulty mode, the real and reactive power changes in 
accordance with the fault. 
 
Figure 31 Operation under variable speed 







Case 4: Operation under external Disturbance 
The robustness of the proposed system to external disturbance was tested under adding line 
resistor and changing its value during operation which is shown in Figure 32. a disturbance 
is created from 15s to 20s in mode and 45s to 50s in mode two. The dc-link voltage remains 
constant. It shows the robustness of the proposed system. 
 
 
Figure 32 Operation under external disturbance 






This chapter discusses the experimental system and experimental results. The proposed 
system is verified by the Opal-RT rapid control prototyping system. The system 
description and operating principle are described in detail. The experimental results are 
presented separately for the both PV and wind system. Both systems consider a real 









In this research work, a control interface of the grid-connected PV and wind power system 
are designed and practically implemented in the laboratory with a view to injecting real 
and reactive power in accordance with grid code requirements. The research work 
involves design and implementation of a control system and a grid fault monitoring 
system. The implemented grid connected PV and wind system can operate in both normal 
and faulty mode. The normal mode is operated with MPPT and the faulty mode is operated 
with the real and reactive power supply to the grid. The grid fault monitoring system 
detects the fault and switches the mode automatically. The controller for the faulty 
condition is designed in such a way that the inverter current never exceeds the current 
rating of the inverter to protect it during a grid fault. In addition, the real and reactive 
power references in faulty mode are based on the grid voltage sag conditions and 
maximum current rating of the inverter. A dual current controller is designed for 
controlling positive and negative sequence components under grid fault in order to deal 
with the asymmetrical faults. It permits the injection of the reactive current to the grid 





asymmetrical grid faults. The effectiveness of the control scheme has validated been 
experimentally by testing different real working scenario. 
6.2. Future Work 
The present research work can be extended further. The opportunities for future work 
include the following 
▪ Implementation of advanced control system such as Fuzzy logic, neural network, 
predictive controller to improve the performance of the system 
▪ Integration of a battery to supply real/reactive power when renewable power is 
less than reference power obtained from fault monitoring system 














A. System Specifications 
Table 2 Specifications of CS6P-260M PV module under test conditions  
Maximum Power (W) 260 
Open Circuit Voltage (V) 37.8 
Maximum Power Point Voltage (V) 30.7 
Short Circuit Current (A) 8.99 
Maximum Power Point Current (A) 8.48 
Table 3 Parameters of the emulated wind turbine 
Number of blades 3 
Air density (kg/m2) 1.225 
Diameter (m) 1.15 








Table 4 Parameters of the permanent magnet synchronous generator  
Rated power (W) 260 
Rated current (A) 3 
Stator resistance-Rs (Ω) 1.3 
Stator d-axis inductance- Ld (mH) 1.5 
Stator q-axis inductance- Lq(mH) 1.5 
Flux linkage - (Wb) 0.027 
Number of pole pairs- p 3 
Moment of inertia-Jg(kg·m
2) 1.7×10-6 
Coefficient of friction-Kg (Nm·s/rad) 0.314×10
-6 
Table 5 Parameters of the DC bus and grid filter for the grid-connected photovoltaic 
DC link voltage (V) 65 V 
DC-link capacitor-C (mF) 1.8 
Filter resistance-R (Ω) 0.5 






Table 6 Parameters of the DC bus and grid filter for the grid-connected wind power 
DC link voltage (V) 85 V 
Dc-link capacitor-C (mF) 1.8 
Filter resistance-R (Ω) 0.5 
Filter inductance- L (mH) 25 
 
Table 7 Parameters for the emulated grid 
Nominal voltage (V) 45 











B. Controller Parameters 
Table 8 Controller Parameter for the grid-connected photovoltaic 
Mode I Voltage controller kp, ki 400, 0.001 
Current Controller kpd, kid, kpq, kiq 0.6, 0.5, 0.6, 0.5 
Mode II Voltage controller kp, ki 0.2, 100 
Power Controller kpd, kid, kpq, kiq 0.3, 1, 0.3, 1 
 
Table 9 Controller Parameter for the grid-connected wind power 
Mode I Speed Controller 0.001, 0.1 
Voltage controller kp, ki 500, 0.1 
Current Controller kpd, kid, kpq, kiq 0.8, 0.7, 0.8, 0.7 
Mode II Voltage controller kp, ki 0.1, 0.3 






C. Steps required for executing Simulink model in RT-
Lab 
The following steps are required to start simulation using RT-Lab 
1. Connect the OP5600 simulator to the OP8660 as shown in section 3.1 in the hardware 
user guide of High-Performance Real-Time Simulation and HIL Test Systems [93]. 
2. Connect the OP5600 simulator with the host computer as shown in section 3.2 in the 
hardware user guide. 
3. Turn ON the OP5600 Real-time Digital Simulator. 
4. Open RT-LAB in the host computer. 
5. Make sure the ‘Targets’ in ‘Project Explorer’ window is connected with LCSM. To 
update the connection status, right click on the target LCSM and click Refresh. In the 
case of failure to connect, check the blue LAN/Network cable. 
6.  Create a new RT-LAB Project or access an existing RT-LAB Project (i.e. TEST). 
7. Minimize RT-LAB, copy the required basic files, create a new folder (i.e. Control) 
in the following directory and paste all the files;  
Local Disk (C:) > Users> Professor Adel > workspaces > TEST > models > 
Control 
The folder must contain the Simulink model (.mdl) file named HRES.mdl, one (.bin) 
file and one (.conf) file. Both .bin and .conf files are required to define how the data 





8. To import Simulink model, double-click on the project, right click on Models, go to 
Add select Existing Model. From the window click Import and select the file from the 
same directory where the model file (.mdl) was pasted before.  
Local Disk (C:) > Users> Professor Adel > workspaces > TEST1 > models > 
Control 
9. Open the RT-LAB window and select the imported file on the project.  
10. To apply new control algorithm and modify/update the model, right click on the 
Simulink model, go to Edit with and select Matlab R2011B (32bit) 7.13. A new 
Matlab/Simulink window will appear to apply different control schemes and update 
the model as desired. 
11. Perform the connection depicted between the OP8660 signal conditioning module 
and Lab-Volt’s hardware. Make sure that the plugs of the DB9-8245 encoder cable 
are correctly connected to their corresponding encoder outputs on the front panel of 
the 8245 module. 
12. Make sure that the selected converters and the PMSM module are fed through its 24V 
DC input,. Turn ON the selected inverter.  
13. Turn ON the power input for the 8960-20 Dynamometer and make sure the USB 
cable is connected to the host computer. 
14. Open LVDAC-EMS software from the start menu. Select the network voltage and 
frequency, 120V-60Hz, and then click Ok. 






16. To run the 8960 Dynamometer as an Emulator, the modification is required in the 
Function Settings, change the Function to Wind-Turbine Emulator and change 
Function Setting.  
17. Save the model after modifying/updating, check the Development tab in RT-LAB and 
make sure that the Target Platform is set to Redhat for the selected Simulink model. 
18. Check the Execution tab and make sure that the Real-time Simulation Mode is set to 
Hardware Synchronized. 
19. To compile the simulation model, click on Build, make sure the proper Simulink 
model is selected for compilation. 
20. Click on the Assignation tab and make sure that the Extra High Performance (XHP) 
mode in ON. Check the box to turn ON the XHP mode. 
21. To upload the model in the real-time simulator, click Load. Errors may appear while 
loading, look for the error description in the Display tab and load again after 
correcting them. 
22. If the model is successfully loaded a monitoring console will appear automatically in 
a new Matlab/Simulink window. The console can be identified by a yellow note titled 
as ‘Automatically generated by RT-LAB during compilation’.  
23. Click Execute to run the model. 
24. From the LVDAC console use slider to run the system with variable speed. The user 
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